A male cat 12-1 4 weeks old had walking difficulties and an enlarged abdomen. Facial dysmorphism, plump paws, corneal clouding, granulation of neutrophils, vacuolated lymphocytes, and a positive urine test for sulfated glycosaminoglycans suggested mucopolysaccharidosis. Cultured fibroblasts incorporated %O, into mucopolysaccharides more actively than did fibroblasts of a feline control, and degradation was far inferior. Activity of P-glucuronidase was absent in leukocytes and markedly reduced in fibroblasts, thus establishing the diagnosis of mucopolysaccharidosis VII, a disorder previously described in humans, dogs, and mice. Light microscopic examination revealed foam cells in virtually all organs examined, and electron microscopic examination showed pancytic storage of floccular material characteristic of mucopolysaccharides. Stored sphingolipids in the form of zebra bodies were seen in ganglion cells of the central nervous system and in smooth muscle cells of blood vessels. This case represents another animal model of mucopolysaccharidosis VII with the full disease characteristics known in human patients.
Mucopolysaccharidoses (MPS) are lysosomal storage disorders, each caused by the deficiency of a lysosomal hydrolase needed for the degradation of mucopolysaccharide (glycosaminoglycan). In humans, different mucopolysaccharidoses (MPS I-VII) have been attributed to specific enzyme defects and hence to the type of undegraded mucopolysaccharides,20 i.e., chondroitin sulfate, dermatan sulfate, heparan sulfate, or keratan sulfate. Animal models for these human disorders are k n~w n . '~.~~ In cats, MPS I (a-iduronidase deficiency) and MPS VI (arylsulfatase B deficiency) have been described,I4 but until now MPS VII (p-glucuronidase deficiency) has only been seen in dogslo.' * , I 3 and m i~e .~.~~ Here, we present the first instance of MPS VII in a cat.
Case Report
A black domestic short-haired male cat was examined at age 12-14 weeks for walking difficulty and an enlarged abdomen. He was small for his age, active, attentive, and showed intense licking but otherwise behaved normally. His face was broad, his cheeks were high, and his nose was short. Frontal bossing, corneal clouding, plump front paws with inside rotation, and mild thickening of the skin especially over the paws were also noticed. His ears were small and their tips were distorted. His tongue was lengthened, his abdomen was extended, and his lower thoracic opening was funnel shaped. He walked with his weight shifted to his front paws. Mucopolysaccharidosis was suspected, and a toluidine test for sulfated glycosaminoglycans in urine was positive. When X-ray findings and the excessive granulation of neutrophil granulocytes and intense vacuolation of lymphocytes were seen, biochemical analysis was initiated and P-glucuronidase deficiency was discovered.
The clinical course was progressive. The rear legs exhibited reduced proprioceptivity and no tactile reflexes, hyperreflexia (patellar and tibialis cranialis reflexes), and positive crossed extensor reflexes. Cuticular reflexes were not elicited. Grand ma1 seizures appeared lasting up to 20 seconds and could be evoked by stimulation of the skin over his back. His neck became stiff, and walking was next to impossible. There was excessive scaling of the skin. His patellae could be dislocated with ease, his cruciate ligaments were lax. His tongue became irritated, as did his first digits, from the excessive licking, and growth decelerated. The cat was euthanatized at 5.5-6 months of age.
Materials and Methods
Leukocytes were prepared from heparinized blood with dextran (Macrodex, Pharmacia LKB, Uppsala, Sweden) as previously described," and skin fibroblasts were cultured by standard methods. The following enzymes were assayed using fluorimetry with the appropriate derivatives of 4-methylumbelliferone (Sigma, St. Louis, MO, or Melford Labs, Ipswich, England):' 0-N-acetylgalactosaminidase, a-Nacetylglucosaminidase, P-N-acetylhexosaminidase (P-N-acetylglucosaminidase), arylsulfatases A and B, a-L-fucosidase, a-D-galactosidase, P-D-galactosidase, a-D-ghcosidase, 0-Dglucosidase, P-D-glucuronidase, a-L-iduronidase, a-D-man-435 Gitzelmann, Bosshard, Superti-Furga, Spycher, Briner, Wiesmann, Lutz, and Litschi Vet Pathol 31:4, 1994 For the study of "SO,-sulfated mucopolysaccharides, fibroblast cultures were labeled with 50 pCi carrier-free "SO, in 10 ml of medium for 48 hours. Intracellular accumulation of 'jSO,-mucopolysaccharides was measured as previously described,6" degradation was measured as the rate of disappearance of "SO, label from 48-hour prelabeled cells during a 24-hour chase with unlabeled medium.
Portions of the various tissues removed at necropsy were fixed in buffered neutral 4% formalin, embedded in paraffin, and stained with hematoxylin and eosin (HE), van Gieson-Elastin. and alcian blue-periodic acid-Schiff (PAS). Tissue specimens from liver, spleen, kidney, cerebrum, cerebellum. testis. rib cartilage, femoral heads, synovial membrane. skeletal muscle. and buffy coat were fixed in 2.5% buffered glutaraldehyde followed by buffered osmium tetroxide. After dehydration in graded ethanols, tissues were embedded in Epon 8 12. cut on a Reichert Ultrotome, stained with uranyl acetate and lead citrate, and viewed with a Philips CM-10 electron microscope.
Results

X-ray findings
Radiographs were taken at 4 and 6 months of age.
There was dysostosis multiplex characterized by widespread delay of ossification and fragmentation of epiphyses and apophyses. Femoral heads and necks were dysplastic, acetabulae were flattened, and hip joints subluxated ( Fig. 1 ). Delayed ossification of carpal bones is shown in Fig. 2 . Intervertebral distances were increased, vertebral end plates were deformed ( Fig. 3) , and the spinal canal of cervical vertebrae was widened. Vertebral bodies had irregular trabeculae and were widened laterally, the atlas was bizarrely deformed, and the components of the hyoid apparatus were deformed. Radii were curved, and the humeroulnar and humeroradial joints were subluxated.
Biochemical findings
A urine sample gave a positive toluidine test for sulfated glycosaminoglycans. In peripheral blood leu- Gitzelmann, Bosshard, Superti-Furga, Spycher, Bnner, Wiesmann, Lutz, and Litschi Vet Pathol 31:4, 1994 kocytes, P-glucuronidase was inactive but other lyso-soma1 hydrolases (a-iduronidase, iduronate 2-sulfatase, arylsulfatases A and B, a-mannosidase, acid phosphatase) had activities comparable with those of control cats (Table 1 ). Cultured skin fibroblasts had only a trace of 0-glucuronidase activity, and the other enzymes measured had normal activities ( Table 2 ). The cells incorporated 35S0, into mucopolysaccharides more actively than did cells of a feline control line, and degradation was far inferior (Table 3) . Findings were indicative of mucopolysaccharidosis due to @glucuronidase deficiency.
Necropsy findings
Body weight was 1,190 g (age matched controls were 2-2.5 kg), and length (head to tail root) was 40 cm. Organ weights were liver, 23 g; spleen, 1.1 g; brain, 29 g; and kidney, 8 g. Subcutaneous adipose tissue was sparse.
Histologic findings were as follows. The walls of the aorta (Fig. 4) and pulmonary artery contained numerous vacuolated cells with foamy cytoplasm. The aortic valves were thickened and myxomatous, containing numerous foam cells; the myocardium appeared normal. The cartilage primarily of large joints but also that of epiphyses ( Fig. 5) , larynx, trachea, and bronchi contained enlarged and rounded chondrocytes with foamy cytoplasm. The intercellular substance stained strongly with alcian blue in most areas. Foci staining weakly with alcian blue also contained PAS-positive components. Ballooning chondrocytes were found within the perichondrium and the adjacent connective tissue and also in the tendons. Foam cells were especially numerous in the marginal segments of the var- ious epiphyseal growth plates. The bone marrow contained numerous finely vacuolated storage cells. The intervertebral cartilage was grossly anomalous with reduced basophilia and marked fibrosis. The gross structure of the cerebral hemispheres, cerebellum, basal ganglia, and medulla was normal. The cytoplasm was discretely vacuolated in the motoneurons of the cerebral hemispheres, brain stem, and medulla and in the intramural and submucosal ganglion cells of the small intestine. Kupffer cells of liver sinusoids were swollen with fine lipid droplets. Foam cells were abundant in the tonsils, the mesenteric, tracheobronchic, and perirenal lymph nodes, and the thymus. They were less prominent in the spleen, the periportal areas of the liver, and the connective tissues.
Electron microscopic examination revealed abundant, nearly pancytic storage of floccular water-soluble material, occasionally associated with small spherical or polymorphic electron-dense inclusions contained in vacuoles surrounded by a single membrane, i.e., in lysosomes. Storage lysosomes were discovered in all investigated tissues, including liver, spleen, skeletal muscle (interstitial cells only), smooth muscle, hyaline cartilage, bone and synovial membranes, testis, cerebrum and cerebellum, and kidney, and in nucleated cells of the buffy coat. The appearance of the stored material was characteristic for mucopolysaccharide. Cells most affected were chondrocytes (Fig. 6) , connective tissue fibroblasts (Fig. 7) , macrophages, and vascular as well as sinusoidal endothelial cells (Fig. 8) .
LYsoSomal storage of lipids was also see*, largely as lamellated "zebra bodies," primarily in ganglia1 cells of the central nervous system (Fig. 9 ) and in smooth muscle cells of blood vessels.
Discussion
In this cat, dysmorphic facial features, plump paws, and corneal clouding prompted investigation for mucopolysaccharidosis. Excessive granulation of neutrophils, vacuolation of lymphocytes, and a positive urine spot test for sulfated glycosaminoglycans gave quick diagnostic cues. Definitive diagnosis was by enzyme assays on leukocytes and cultivated skin fibroblasts, which were deficient in 0-glucuronidase but competent in all other lysosomal hydrolases measured. Thus, the diagnostic procedure was essentially the same as that used in the first dog with MPS VII;" the same procedure is established in clinical pediatrics.
The clinical features of this cat closely resembled those described in cats with MPS I and MPS VI, including the severe neurologic dy~functi0n.l~ Striking similarity of symptoms also exists in MPS VII across Fig. 9 . Electron micrograph. Cerebral cortical ganglia1 cell; cat. Abundant zebra bodies are surrounded by a limiting membrane. Lamellar deposits have a periodicity of 5.6-5.9 nm. Bar = 0.3 Fm. species, i.e., human,4~s~8~9~18~20~2z dogs,I0.l' and Dwarfing and sparcity of subcutaneous adipose tissue as seen in this cat had been leading symptoms in the adipose storage deficiency (asd) mice later discovered to have severe P-glucuronidase deficiency.2 No adipose tissue deficiency was noted in the MPS VII dog.lo." Other symptoms are equivalent; skeletal dysmorphism, mainly in the form of spondyloepiphyseal dysplasia, is ubiquitous, and light and electron microscopic findings are practically identical. In this cat's liver, storage was more pronounced in Kupffer cells than in hepatocytes, whereas in the MPS VII dog both types of cells were heavily affected.I3 The reason for this discrepancy is unclear but may relate to the younger age of the cat.
Considerable phenotypic variation exists in hum a n~.~,~~,~~ Because this cat is the first reported with this disorder and because dogs and mice with MPS VII described thus far belong to inbred strains, it is unknown whether the wide clinical spectrum from severelearly to mild/late variants known in humans will eventually be recognized in cats and other animals.
Increased accumulation by and delayed loss of sulfate from cultured skin fibroblasts indicated functional derangement of mucopolysaccharide metabolism resulting in storage. Electron microscopic examination revealed the storage not only of granular-floccular mucopolysaccharide material but also of zebra bodies, i.e., gangliosides. This fact mirrors impairment of lysosom-a1 lipid disassembly and disposal, probably caused by the interference of mucopolysaccharides with lysoso-ma1 enzymes such as 0-galactosidase, which functions in the degradation of these lipids.15.16 Neuronal lipid storage may be a pathogenetic factor for the observed neurologic deterioration in this disorder.
MPS VII dogs have been the only animal model of P-glucuronidase deficiency with the full associated disease.l0.l1 This report may help in the search for further feline cases and possibly the establishment of another animal model, which could be useful in therapeutic studies. In 0-glucuronidase deficient mice, attempts at therapy by bone marrow transplantation3 have already been followed by those using microinjection of a human b-glucuronidase gene in deficient mouse nuclei" or by vector-mediated gene transfer to deficient mice. 19.2626 
